Abstract The extracellular domain of N-CAM contains five immunoglobulin-like (Ig) and two fibronectin type III-like domains and facilitates cell-cell binding through multiple, weak interdomain interactions. NMR spectroscopy indicated that the two N-terminal Ig-like domains from chicken N-CAM (Ig I and Ig II) interact with millimolar affinity. Physico-chemical studies show that this interaction is significantly amplified when the domains are covalently linked, consistent with an antiparallel domain arrangement. The binding of the two individual domains and the dimerization of the concatenated protein were essentially independent of salt, up to a concentration of 200 mM. The residues in Ig I involved in the interaction map to the BED strands of the L L sandwich, and delineate a largely hydrophobic patch.
Introduction
The neural cell adhesion molecule, N-CAM, has been shown to be capable of both homophilic and heterophilic binding, and has been implicated in a variety of physiological processes including neurite fasciculation, the formation of neuromuscular junctions, and neuron-glia interactions. The extracellular region of N-CAM is composed of ¢ve immunoglobulin-like (Ig-like) domains and two regions with homology to the ¢bronectin type III (FnIII) repeats. This modular structure is characteristic of Ca 2 independent cell adhesion molecules, where varying numbers of Ig-like and FnIII-like repeats are combined [1] .
Early studies using monoclonal antibodies and N-CAM fragments indicated that homophilic binding involved Ig IÎ V [2^4] and particularly Ig I^II and Ig III [2] ; the ¢fth domain, which contains polysialic acid, could in£uence binding but did not appear essential [3] . Others found that all ¢ve Ig domains were required for N-CAM mediated adhesion [5] .
Further work using soluble, recombinant Ig-like domains attached to beads suggested a model of N-CAM:N-CAM binding that involved an antiparallel interaction of the ¢ve Ig domains [6] . In contrast, binding between Ig I and Ig II was demonstrated using surface plasmon resonance, and speci¢c interactions between other Ig domains were not found [7] .
Stable cell adhesion results from the interactions of large numbers of adhesion molecules concentrated at the cell-cell or cell-matrix interface. The interactions of individual cell adhesion molecules are weak, which has generally precluded the direct study of the bound adhesion complex. However, low a¤nity interactions are amenable to NMR studies, where the combination of millimolar protein concentrations, a time averaged analysis and the unique sensitivity and site speci¢city of the NMR chemical shift facilitates observation of speci¢c weak interactions. Perturbations in chemical shifts have been used to study the micromolar interaction of soluble Ig-like domains from CD2 and CD48, where chemical shift changes and di¡erential line broadening were used to map the binding site [24] . Similarly, the millimolar binding of a small peptide from CD4 to the Nef protein was mapped onto the Nef structure on the basis of peptide-induced chemical shift changes [25] .
Here we present evidence derived from NMR studies that the ¢rst two N-terminal Ig-like domains of N-CAM associate with millimolar a¤nity and map the interaction to a largely hydrophobic surface on the N-terminal Ig-like domain, Ig I. Analytical ultracentrifugation studies demonstrated that the observed interaction between Ig I and Ig II is signi¢cantly ampli¢ed when the two domains are covalently linked in a contiguous fashion, as they are in the native N-CAM protein.
Materials and methods

Protein expression and characterization
The cDNAs corresponding to Ig I (amino acids 1^98), Ig II (amino acids 99^194), and Ig I^II (amino acids 1^194) from chicken N-CAM were generated by PCR from cDNA clones pEC208 and pEC254 [6] and cloned into the NcoI and BamHI sites of the pET-3d vector (Novagen), and the resultant plasmids transformed into BL21 DE3 (PlysS) cells. The amino acid numbering is in accordance with that previously reported [2] . Protein expression was induced with 1 mM IPTG at 18^25³C overnight. Ig I and Ig II were puri¢ed from the cell lysates by initial ammonium sulfate fractionation, followed by gel ¢ltration and ion exchange chromatography. Ig I^II was puri¢ed from the cell membrane pellet by urea solubilization and gel ¢ltration. The integrity of the expressed domains was established through sequencing of the cDNA, N-terminal sequencing of the ¢rst 10 amino acids of the puri¢ed proteins, and MALDI-TOF mass spectroscopy. [8] . Far UV circular dichroism (CD) spectra were recorded for each protein on an Aviv 60 DS spectrometer at 20³C using a 0.1 cm pathlength cell. Spectra were averaged over three scans, and recorded from 260 to 190 nm using a time constant of 4 s. The spectra were corrected for the contributions of bu¡ers and were reported as mean residue ellipticities (deg cm 2 dmol 31 )
NMR experiments
NMR experiments were performed at 25³C (calibrated with neat methanol) on a Bruker DRX800 spectrometer equipped with a triple resonance probe and triple axis pulsed ¢eld gradients.
1 H-15 N heteronuclear single quantum coherence (HSQC) spectra were acquired with 256 complex t 1 increments and 2048 complex data points in t 2 . Quadrature detection in the indirect dimension was achieved with States-TPPI [9] . Coherence selection was achieved using pulsed ¢eld gradients [10, 11] , and a water £ip back pulse [12] used in addition to coherence selection to minimize the water resonance. Eight transients were recorded with sweep widths of 1161 Hz and 1914 Hz in the 1 H and 15 N dimensions, respectively. Data sets were zero ¢lled in each dimension and apodized with an 80³ shifted sine squared function using Felix (MSI), after initial conversion of the data in NMRPipe. The 1 H chemical shifts were referenced to TMS [13] , and the 15 N shifts referenced indirectly using the ratio of the gyromagnetic ratios [14] .
Ig I assignments
Assignments for the backbone atoms were obtained from a 13 C, 15 N labeled sample using standard triple resonance techniques, and will be presented elsewhere. The chemical shift index [15] was calculated from the CK shifts using the random coil values of Wishart and Sykes [16] .
Binding studies
The 
Sedimentation experiments
The sedimentation properties of Ig I^II in water were obtained from data collected on a temperature controlled Beckman XL-I analytical ultracentrifuge equipped with a An60Ti rotor and photoelectric scanner. A double sector cell, equipped with a 12 mm epon centerpiece and quartz windows, was loaded with 400^420 Wl of sample using a blunt-end microsyringe for sedimentation velocity experiment. Data were collected at rotor speeds of 3000^50 000 rpm in continuous mode at 20³C with a step size of 0.005 cm and an average of two scans per point. The data were then subjected to a direct boundary ¢tting using the Svedberg program (version 5.01) allowing for the calculation of the molecular weight of the sedimenting species using the s (sedimentation coe¤cient) and D (di¡usion coe¤cient) values obtained from the ¢tting analysis [18] .
Sedimentation equilibrium runs were performed on a 50 WM Ig I^II sample (110 Wl) at pH 7 and 22³C, at speeds of 3000^14 000 rpm using a double sector cell with charcoal-¢lled epon centerpieces and sapphire windows. All scans were performed at 298 nm, with a step size of 0.001 cm and 25 averaged scans. Samples were allowed to equilibrate for 24 h, and duplicate scans 3 h apart were overlaid to determine that equilibrium had been reached. The data were analyzed by a non-linear least squares analysis using the Origin software provided by Beckman. The data were initially ¢tted to a single ideal species model using the following equation to determine the best ¢t-ting molecular weight:
where C r is the concentration at radius x, C 0 is the concentration at a reference radius x 0 (usually the meniscus), e is the partial speci¢c volume of the protein (ml/g), b is the density of the solvent (g/ml), g is the angular velocity of the rotor (radian/s), E is the baseline error correction factor, M is the molecular weight, R is the universal gas constant (8.314U10 7 erg/mol), and T is temperature (Kelvin). The goodness of the ¢t was evaluated on the basis of the randomness and magnitude of the residuals, expressed as the di¡erence between the theoretical curve and the experimental data, and evaluating the ¢t parameters. In the absence of a good ¢t to an ideal species, the data were ¢tted to a self-associating system of monomer to n-mer equilibria using:
where K aYn is the association constant for the formation of n-mer from monomer, and M is the monomeric molecular weight.
Results
Experiments with Ig I
The N-terminal Ig-like domain of N-CAM, Ig I, expressed well in Escherichia coli and was readily puri¢ed. The CD spectrum of the puri¢ed protein showed a strong negative band centered at 217 nm, consistent with the predominantly L-sheet character of an immunoglobulin domain ( Fig. 1) . Analysis of the well-dispersed 1 H, 15 N HSQC spectrum con¢rmed that a single conformation was present in solution. Resonance assignments were determined for the majority of nuclei using standard triple resonance NMR techniques on a 13 C, 15 N labeled domain (details will be presented elsewhere). Analysis of the spectra from HNCACB, CBCA(CO)NH, and C(CO)NH-TOCSY experiments was su¤cient to assign the protein domain. The chemical shift index (CSI) [15] calculated for the CK carbons is presented in Fig. 2 , and clearly shows the presence of multiple L strands. The structure of Ig I from murine N-CAM determined by NMR [19] revealed an immunoglobulin fold from the intermediate or I-set, where the two L sheets comprised strands ABED and APGFCCP and were linked by a disul¢de bond. As expected from the sequence identity between chicken and mouse Ig I (87%), the positions of the L sheets and the single turn of helix correspond closely in the two proteins, con¢rming their identical folds (Fig. 2) .
Experiments with Ig II
The protein expression level achieved for the second Ig-like domain, Ig II, was signi¢cantly lower than that found for Ig I, precluding the preparation of isotopically labeled material for direct NMR studies. The CD spectrum of Ig II displayed a negative peak centered around 215 nm, consistent with a largely L sheet protein and similar to that observed in Ig I (Fig. 1) . The characteristic positive band around 195^200 nm associated with L sheets was not observed. This may re£ect subtle di¡erences in the Ig folds between Ig I and Ig II. Alternatively, it may indicate less regular secondary structure in Ig II, as the amplitudes of the two observable CD bands for L structure are dependent on the length of the sheets, their orientation, and the degree of twist [20] .
Ig I-Ig II titration
The potential interaction of Ig I and Ig II was investigated by monitoring the 1 H, 15 N HSQC spectrum of 15 N Ig I on addition of unlabelled Ig II up to approximately 4 mol equivalents. All resonances were seen to broaden on addition of Ig II (Fig. 3) , consistent with a change in the average transverse relaxation rate as a result of the formation of a higher molecular weight complex. In addition, di¡erential broadening was observed for some resonances. In particular, the resonance of F19 broadened beyond detection at Ig II concentrations greater than 1 mol equivalent. Signi¢cant changes were also observed in the amide proton and nitrogen chemical shifts for a subset of Ig I resonances with increasing concentrations of Ig II (Fig. 3) , but no new resonances were observed with increasing Ig II concentrations. The spectral changes observed during the titration, speci¢cally the chemical shift changes of a subset of the resonances, the absence of any additional resonances, and the overall resonance broadening were consistent with the formation of a speci¢c complex between Ig I and Ig II that was undergoing intermediate to fast exchange on the NMR timescale.
The most substantial changes in chemical shifts were seen for the resonances of S17, K18, F19, F20, L21 and I64, where the average change in the amide proton and nitrogen chemical shifts was 152 Hz as the Ig II concentration was increased up to V4 mol equivalents. These residues are located at the Nterminal end of the B strand (S17^L21) and the C-terminal end of the E strand (I64). As the B and E strands are apposed in the Ig fold, these residues describe a surface on one face of the molecule that represents a potential binding site. This site was further de¢ned by smaller but still signi¢cant changes in the resonances of V6, C22, V52, L62 and Y65, and A67. These residues map to the A, B, D and E strands, and the EF loops respectively, and describe a region peripheral to the proposed binding site.
In addition, much smaller chemical shift changes (average 48 Hz) were seen in resonances from G10 from the AP strand, V14, G15, and E16 from the APB loop, and N92 and K94 from the G strand. These residues de¢ne a second surface on the opposite face of the Ig fold, and are therefore unlikely to be directly involved in the binding of Ig II. These changes may re£ect a small degree of non-speci¢c binding. Alternatively, as this second surface is placed exactly behind the proposed Ig II binding site, and several of the residues are involved in the hydrophobic core of the domains, the observed changes may be a result of a slight conformational change in Ig I upon binding of Ig II, transmitted through the core of the domain. This suggestion is supported by the fact that the binding curves for these resonances show the same behavior as those at the proposed interaction site (see below).
Titration curves were generated for the 20 resonances where signi¢cant changes in the chemical shifts were observed, and clearly showed that the binding of Ig I and Ig II did not reach saturation (Fig. 4) . The limited availability of Ig II prohibited collection of additional titration points at higher Ig II concentrations. An estimate of the dissociation constant, K d , was made by an iterative ¢tting of the changes in chemical shift in Hz on addition of Ig II, assuming a two-site second-order process in fast exchange [17] . A multi-parameter ¢t of 18 of the observed titrations to a single dissociation constant gave a value of 2.9 þ 0.9 mM. Binding curves calculated with a K d of 2.9 mM for resonances from S17 and F20 are shown in Fig. 4 , overlaid on the experimentally measured chemical shift changes.
The Ig I-Ig II titration was performed in the absence of any salts, and de¢ned a largely hydrophobic interaction site on Ig I. To determine the role of electrostatic interactions in the observed interaction, 200 mM NaCl was added at the end of the titration. Minor chemical shift changes were seen in several resonances, including those from several residues in the proposed binding site (S17, F20, and I64) (data not shown). However, these changes were small compared to those attributed to the binding of Ig II, and there was no evidence of the reappearance of any unbound Ig I, suggesting that the Ig I-Ig II complex was not signi¢cantly disrupted.
Experiments with Ig I^II
The protein sequence corresponding to the ¢rst two Ig-like domains of N-CAM (Ig I^II) was expressed as a single polypeptide chain in E. coli. High levels of expression were achieved, but the Ig I^II protein was expressed in inclusion bodies. The protein was successfully recovered by solubilization in urea, and appeared to fold in the absence of denaturant. The CD spectrum recorded for Ig I^II showed the characteristic negative band centered about 216 nm, but lacked the signi¢cant positive band around 195^200 nm normally associated with L conformation. The spectrum corresponds closely to the sum of the spectra observed for the individual Ig-like domains, suggesting that any interdomain interactions that occur do not signi¢cantly perturb the conformations of the individual Ig folds.
Analytical ultracentrifugation was used to evaluate the oligomerization state of Ig I^II. In sedimentation velocity experi- ments Ig I^II (50 WM in 10 mM Tris, pH 7.4) appeared to sediment as a`single' boundary (Fig. 5A) . Direct analysis of the data using the Svedberg program gave a reasonable ¢t to a single ideal species model yielding an s value of 2.9 S and a di¡usion coe¤cient (D) of 7.1 F, a¡ording a molecular weight of 36.5 kDa. This value was less than the expected molecular weight of dimeric Ig I^II (45 kDa). Signi¢cantly better agreement between the experimental and theoretical data was achieved when a two species model was employed (Fig. 5A) . The parameters obtained from the two species ¢t were s1 = 2.0 S, D1 = 8.6 F, c1 = 0.143 (AU) for the slow sedimenting species, and s2 = 2.9 S, D2 = 6.6 F, c2 = 1.08 (AU) for the fast sedimenting species. This analysis yielded molecular weights of 22 kDa and 41.7 kDa for the slow and fast sedimenting species, respectively, and predicted a sample composition of roughly 12% monomer and 88% dimer, based on absorbance.
Similar results were obtained in the presence of 100 mM and 200 mM NaCl (data not shown).
In a sedimentation equilibrium study of Ig I^II in 10 mM Tris, pH 7.4, a single ideal species model gave an average molecular weight of 38 kDa, but failed to ¢t the experimental data accurately, as judged by the residuals. Transforming the equilibrium concentration gradient (absorbance vs. radius) into a M wYapp versus concentration plot revealed a molecular weight distribution between that of a monomer and a dimer (32^38 kDa), suggesting a monomer-dimer equilibrium. Fitting the data to an associating model of monomer-dimer equilibrium gave an excellent ¢t, as judged by the residuals (Fig.  5B) . Sedimentation equilibrium studies were also carried out in the presence of 100 mM and 200 mM NaCl to evaluate the e¡ect of salt on the Ig I^II association. Attempts to ¢t the data collected in the presence of salt to a single species also failed, but excellent agreement was achieved with a self-associating model of monomer-dimer equilibrium. Estimates of the dissociation constants (K d ) were determined as 91 WM, 94 WM, and 102 WM for 0 mM, 100 mM, and 200 mM NaCl respectively. The experimental data from both the sedimentation velocity and the sedimentation equilibrium experiments clearly demonstrated that Ig I^II exists in equilibrium between monomer and dimer, and that the association state is independent of salt concentration.
Discussion
The characterization of the molecular mechanisms of cell adhesion is challenging, because not only are the interactions weak between membrane proteins, but also because such interactions can be cis (between molecules on the same cell) or trans (apposing cells), as well as homo-or heterophilic. Models for the interactions of some adhesion proteins, for example the myelin P 0 [21] and the Ca 2 dependent E cadherin [22] , have been proposed based on the similarly weak interactions observed in crystal structures. No crystal structures are available for any of the domains of N-CAM, and none of the models proposed for N-CAM mediated cell adhesion [57 ,23] is compatible with all of the current experimental ¢nd-ings.
In this work, we have used NMR to study the binding of the ¢rst two Ig-like domains from N-CAM expressed as independent, soluble proteins, and found a weak, but speci¢c interaction. The observed chemical shift changes of resonances de¢ned a potential binding site on Ig I, centered on the B and E L strands. The amino acids involved in the proposed Ig I-Ig II binding site are conserved across species, thereby allowing the proposed site to be displayed on the determined murine Ig I structure (Fig. 6) . The sensitivity of a residue's chemical shift to Ig II binding is shown using a gradation of colors, where the most a¡ected residues are shown in red. The titrating residues map to a largely uncharged surface on Ig I, implying that the binding is dominated by hydrophobic interactions. The side chain of K18, the single charged amino acid in the de¢ned surface, is involved in the hydrophobic core, with the amino group forming a salt bridge with the carboxylate of D71 that lies in the single turn of helix between strands E and F [19] . In addition, the side chain of F20 participates in the formation of the hydrophobic core, and the side chain of I64 is oriented towards the center of the molecule. The surface accessible side chains in the proposed binding site include those of S17 and T63, and those of F19 and Y65.
An interaction between the ¢rst two Ig-like domains of murine N-CAM has been previously shown by surface plasmon resonance [7] , and a model for this interaction derived based on the determined structure for Ig I and a modeled structure for Ig II [19] . In these studies, it was proposed that an antiparallel interaction of the Ig domains was driven by surfaces of complementary charge on the two domains, where acidic side chains located at the N-terminal end of Ig I interacted with negatively charged side chains predicted to be at the C-terminal end of Ig II [19] . This model di¡ers from our ¢ndings, which identify a hydrophobic interaction site. Support for a hydrophobic rather than an electrostatically driven interaction was found in the insensitivity of the chemical shifts of the proposed interacting acidic residues in Ig I on addition of Ig II, and the minimal e¡ects observed on addition of salt to the Ig I-Ig II complex.
To further characterize the interaction of Ig I with Ig II, we expressed the two domains as a single polypeptide chain with the native linker sequence. The CD data indicate that there are no signi¢cant changes in the conformation of the individual domains when they are expressed together as a concatemer. Analytical ultracentrifugation studies show that the Ig I^II protein exists predominantly as a dimer at micromolar concentrations, and that the association is essentially independent of the concentration of NaCl, up to 200 mM. The signi¢cantly stronger association observed for the covalently linked domains (V100 WM compared to V3 mM) is therefore consistent with the reciprocal binding of the Ig I and Ig II domains arranged in an antiparallel orientation.
The dissociation constant for the Ig I-Ig II binding measured using surface plasmon resonance techniques [7] was signi¢cantly stronger than that determined here, and, in fact, is similar to the a¤nity measured for the Ig I^II concatemer; 55 WM, V3 mM, V100 WM respectively. This discrepancy may be due to the use of Ig II as a fusion with maltose binding protein in the surface plasmon resonance experiments [7] .
The well characterized dimerization of immunoglobulin domains in antibodies involves homologous surfaces of like domains, that is, the constant domains interact via close packing of the ABED faces, while variable domains interact through the surfaces formed by the GFCCPCQ strands. For the I-set intercellular adhesion molecule 1, ICAM-1, thought to exist as a dimer on the cell surface, a dimerization model proposes interactions of residues on the BED face in a cis orientation [26] . In contrast, both faces of the L sandwich are utilized in the dimerization of the I-set domains of hemolin, an insect immunoglobulin. The four I-set domains of hemolin fold into a novel horseshoe arrangement, where the antiparallel domain 1-domain 4 and domain 2-domain 3 interactions are mediated via the GFC and the ABED sheets respectively [27] . It appears that the dimerization of the I-set domains is more permissive, proceeding through either face of the L sandwich, but still involving homologous surfaces. Thus, it is predicted that the interaction of N-CAM Ig I with Ig II will be centered on the ABED face of Ig II.
The ¢ndings presented here, and those reported from others [7] , support a speci¢c interaction of the ¢rst two Ig-like domains of N-CAM. Despite di¡erences in the nature of the proposed interaction surfaces, both studies propose an antiparallel orientation of Ig I and Ig II. Binding studies of individually expressed Ig domains adsorbed onto a solid surface [6] , and cell based adhesion studies of chimeric proteins [5] have implicated all ¢ve Ig-like domains of N-CAM in homophilic binding. Furthermore, the level of glycosylation on the ¢fth Ig-like domain of N-CAM is known to a¡ect cell adhesion [3] . Thus, a simple homophilic binding model involving only interactions between the ¢rst two Ig-like domains does not fully account for the experimental evidence. N-CAM mediated cell adhesion is known to be concentration dependent, implicating cis as well as trans interactions as important. Although the binding a¤nities estimated from the Ig I-Ig II titration and the ultracentrifugation studies on Ig I^II are of the order of magnitude expected for cell adhesion complexes, it is not possible to say whether the observed Ig I-Ig II interaction is central to N-CAM homophilic binding. Despite these caveats, the ability of the Ig I-Ig II complex to survive the addition of physiological concentrations of salt suggested not only that the interaction was mediated largely by hydrophobic contacts, but that the complex was su¤ciently robust to exist under conditions expected in the extracellular environment.
